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ABSTRACT
The main hard pulse of prompt gamma-ray emission in GRB 170817A had a duration of ∼ 0.5 s and its onset
was delayed with respect to the gravitational-wave chirp signal by tdel ≈ 1.74 s. Detailed follow-up of the
subsequent broadband kilonova emission revealed a two-component ejecta – a lanthanide-poor ejecta with mass
Mej,blue ≈ 0.025M that powered the early but rapidly fading blue emission and a lanthanide-rich ejecta with
mass Mej,red ≈ 0.04M that powered the longer lasting redder emission. Both the prompt gamma-ray onset
delay and the existence of the blue ejecta with modest electron fraction, 0.2 . Ye . 0.3, can be explained if
the collapse to a black hole was delayed by the formation of a hypermassive neutron star (HMNS). Here, we
determine the survival time of the merger remnant by combining two different constraints, namely, the time
needed to produce the requisite blue-ejecta mass and that necessary for the relativistic jet to bore its way out of
the expanding ejecta. In this way, we determine that the remnant of GW170817 must have collapsed to a black
hole after tcoll = 0.98+0.31−0.26 s. We also discuss how future detections and the delays between the gravitational
and electromagnetic emissions can be used to constrain the properties of the merged object.
Keywords: gravitational waves – gamma-ray burst: general – stars: neutron – stars: winds, outflows – stars: jets
1. INTRODUCTION
For more than 25 years, binary neutron-star (BNS) merg-
ers have been hypothesized as the progenitors of short-hard
gamma-ray bursts (GRBs; Eichler et al. 1989; Narayan et al.
1992, also see Baiotti & Rezzolla 2017; Paschalidis 2017 and
Nathanail 2018b for reviews). The neutron-rich dynamical
ejecta in such mergers was also predicted to be the ideal sites
for r-process nucleosynthesis (Lattimer & Schramm 1976),
the radioactive decay of which would power isotropic and
bright kilonova emission (e.g., Li & Paczyn´ski 1998, also see
Ferna´ndez & Metzger 2016 for reviews). Both of these pre-
dictions and the detection of gravitational waves (GWs) from
a BNS merger were confirmed in the detection of GWs from
GW170817 (Abbott et al. 2017b) and the almost coincident
prompt gamma-ray emission from the short GRB 170817A
(Abbott et al. 2017a). In less than 11 hours, the optical
counterpart was localized (Coulter et al. 2017) in the nearby
(' 40 Mpc) elliptical galaxy NGC 4993 and a large-scale
observational campaign was launched to obtain the most de-
tailed observations in the UV-optical-NIR energy bands of
the kilonova emission (Abbott et al. 2017c).
The total mass of the merged object, determined by re-
stricting the spins of the two coalescing neutron stars to
be between that inferred from observed BNSs, is Mtot =
2.74+0.04−0.01M (Abbott et al. 2017b). This is significantly
larger than the highest value of masses measured for neu-
tron stars, which are 1.97 ± 0.04M (Demorest et al. 2010)
and 2.01 ± 0.04M (Antoniadis et al. 2013). Furthermore,
Mtot well exceeds the maximum neutron-star mass predicted
by most of the popular equation-of-states (EOSs). Therefore,
it is expected that the merger remnant, after having ejected a
(small) fraction of the total rest mass, will ultimately collapse
to a black hole (BH).
Whether this occurs promptly or not is an important ques-
tion. Prompt collapse to BH formation in a BNS merger can
be halted for a short time due to the formation of an HMNS
that is supported against gravitational collapse by differential
rotation, which allows for equilibrium solutions with masses
that are substantially larger (Baumgarte et al. 2000; Weih
et al. 2018) than those allowed by uniform rotation (Breu &
Rezzolla 2016). In fact, using full GR simulations of both
equal (e.g., Shibata & Taniguchi 2006; Baiotti et al. 2008)
and unequal-mass binaries (e.g., Rezzolla et al. 2010; Ho-
tokezaka et al. 2011), and for a number of EOSs, it was
shown that if Mtot . 2.7M, then the remnant could be
a long-lived HMNS with a collapse time tcoll & 10 ms.
The fact that the remnant does not collapse promptly to a
BH suggests that in such BNS mergers the arrival time of
the GW and the prompt gamma-ray emission will not be co-
incident and the GRB onset will be delayed by at least the
collapse time, such that tdel > tcoll. Of course, in this line
of reasoning we are assuming that the relativistic jet is in-
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deed launched by the BH; this is our working assumption
hereafter and is supported by numerous numerical-relativity
simulations that have shown that magnetically confined jet
structures may form once a torus is present around the BH
(Rezzolla et al. 2011; Paschalidis et al. 2015; Dionysopoulou
et al. 2015; Ruiz et al. 2016; Kawamura et al. 2016).
With the exception of the case of a prompt collapse, deter-
mining the collapse time of the remnant for a binary of given
total mass is extremely challenging, as it depends on the un-
known EOS, the rotational profile of the HMNS, and the nu-
merous dissipation processes (radiative and not) that operate
to distribute angular momentum and bring the star to uni-
form rotation. Moreover, self-consistent numerical-relativity
simulations – either in pure hydrodynamics or in magnetohy-
drodynamics (MHD) – are not particularly accurate after the
merger because of the appearance of strong shocks, which
inevitably reduce the convergence order to first (Rezzolla &
Zanotti 2013). As a result, most of the three-dimensional
numerical-relativity simulations are limited to post-merger
timescales of t ∼ 10 ms− 100 ms (Baiotti & Rezzolla 2017;
Paschalidis 2017) and longer integration times become com-
putationally unfeasible; such a timescale is also the one that
has been explored in practice to assess the stability of the
HMNS. If the actual collapse time from numerical simula-
tions is rather uncertain (see Radice et al. 2018a for a sys-
tematic discussion), the upper limit for the lifetime of the
remnant is on somewhat firmer grounds and has been esti-
mated to be of ∼ 104 s (Ravi & Lasky 2014). While this
upper limit is quite generous, it has been deduced when con-
sidering a variety of possible scenarios for the evolution of
the remnant.
Overall, numerical-relativity simulations agree in finding
that after the merger, a double-core structure forms first,
which then quickly relaxes to the the newly formed HMNS
that has a highly non-axisymmetric bar-like structure that ro-
tates very rapidly. This generates a substantial time-varying
quadrupole moment and hence a strong emission of GWs
over the next several tens of milliseconds that, alone, could
cause the remnant to collapse. The law of differential ro-
tation has very specific properties, with the angular-velocity
profile being characterised by a slowly rotating core and an
envelope that rotates at quasi-Keplerian frequencies (Shibata
& Taniguchi 2006; Kastaun & Galeazzi 2015); more impor-
tantly, this behaviour has been found to be essentially univer-
sal (Hanauske et al. 2017b), i.e., only weakly dependent on
the EOS.
Differential rotation in the HMNS is however expected to
be damped on longer timescales, i.e.,& 100 ms, either by di-
rect coupling with seed magnetic fields, or via other dissipa-
tive effects. In the first case, magnetic fields can be amplified
dynamically after merger because of a number of instabili-
ties that are expected to develop, with the Kelvin-Helmholtz
(Price & Rosswog 2006) and the magnetorotational (MRI;
Siegel et al. 2013) instabilities being those that give the
fastest exponential growths. Despite some computationally
very expensive attempts having been made to measure with
confidence the magnetic-field strength in the HMNS (Kiuchi
et al. 2015), the latter is still quite uncertain; overall an am-
plification of at least three orders of magnitude is expected,
thus bringing the initial magnetic fields from their canonical
value of B . 1012 G to bulk values of B & 1015 G. In the
second case, viscous effects, either “direct”, i.e., in terms of
pure shear and bulk viscosity of nuclear matter (Alford et al.
2018), or “effective”, i.e., in terms of the development of the
MRI or neutrino transport, could significantly affect the dis-
tribution of angular momentum in the HMNS (Duez et al.
2004; Shibata & Kiuchi 2017; Radice 2017).
We here use the properties of the kilonova emission and the
delay time between the GW chirp signal and prompt gamma-
ray emission onset to constrain the collapse time of the rem-
nant. Earlier works have either constrained the remnant col-
lapse time to a broad range or they have provided only ap-
proximate estimates. For example, using a constant mean
mass-ejection rate Metzger et al. (2018) have shown that a
model involving a rapidly spinning HMNS with an ordered
surface magnetic-field strength of ≈ 1014 G and with a life-
time tcoll ∼ 0.1−1 s can simultaneously explain the velocity,
total mass, and electron fraction of the blue-ejecta mass. On
the other hand, Granot et al. (2017) have argued that a life-
time tcoll ∼ 1 s is favored over prompt collapse as it would
naturally explain the delay time of tdel ≈ 1.74 s, given that
the relativistic jet launched after collapse would then have
to clear ∼ 1 s worth of neutrino-driven wind and dynamical
ejecta.
In this work, we present a comprehensive account of
the different mass-ejection channels and provide analyti-
cal mass-ejection rates derived from the results of several
numerical simulations from the literature. In particular,
based on the time-dependent rates, we argue that in order
to produce the requisite mass of Mej,blue ≈ 0.025M in
the lanthanide-poor ejecta that gave rise to the rapidly fad-
ing bluer emission in the UV and optical at early times, the
collapse time of the remnant cannot be much smaller than
tcoll ' 1 s. More importantly, we arrive at a similar conclu-
sion from an independent line of argument, where we model
the dynamical evolution of the relativistic jet launched after
the remnant collapses and bores its way out of the dynamical
ejecta. In particular, we show that the observed delay time of
tdel ≈ 1.74 s between the GW and gamma-ray emission can
be satisfied if the remnant collapsed after about one second.
The rest of the paper is structured as follows. In Sec. 2 we
discuss the different merger remnants obtained in BNS merg-
ers and outline the basic properties that determine the merger
outcome – prompt or delayed collapse. A detailed summary
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of the different mass-ejection channels along with simple an-
alytic expressions describing the mass-ejection rates, as well
as the total ejected masses as a function of time are presented
in Sec. 3. The collapse time of the remnant obtained from the
condition of producing the requisite amount of blue ejecta
mass is calculated in Sec. 4, while in Sec. 5 we present the
semi-analytic theory that describes the dynamical evolution
of the jet-cocoon system and calculate the jet-breakout time.
These results are then used, along with the mass ejection
rates, to constrain in Sec. 6 the collapse time of the rem-
nant in GW170817. Finally, we discuss the implications of
our results in Sec. 7 and provide our conclusions in Sec. 8.
2. PROMPT COLLAPSE VS DELAYED COLLAPSE
In what follows we review and summarize the two differ-
ent lines of argument, stemming either from considerations
on the maximum mass of self-gravitating equilibrium config-
urations (Sec. 2.1), or from the observations of the kilonova
emission (Sec. 2.2), that support the idea that the remnant
in GW170817 collapsed to a BH sometime after the merger
(see, e.g., Margalit & Metzger 2017; Shibata et al. 2017; Rez-
zolla et al. 2018; Ruiz et al. 2018).
We start by recalling that there are four possible outcomes
for the remnant of a BNS merger (e.g., Baiotti & Rezzolla
2017): (i) prompt collapse to a BH, (ii) an HMNS that is
supported by differential rotation and thermal pressure, (iii)
a supramassive neutron star (SMNS) that is supported by uni-
form rotation, and (iv) a stable neutron star1. Each outcome
depends on the total mass of the system and the underlying
EOS. While the former can be obtained with higher certainty
by measuring the masses of each of the neutron stars from
the GW detection, the relatively larger uncertainty in the lat-
ter allows various possibilities for the remnant. However,
we here assume that for events that are associated with short
GRBs, the remnant must collapse to a BH. This condition
is necessitated by the fact that a BH is most likely needed
(e.g., Rezzolla et al. 2011) to power the relativistic outflow,
which then produces a short GRB due to internal dissipation
in the jet. This would naturally invalidate the existence of
any kind of a long-lived stable neutron star. Nevertheless, the
possibility that an SMNS with magnetar-like surface dipole
magnetic fields (i.e., Bs & 1014 G) powers the GRB (Zhang
& Me´sza´ros 2001; Gao & Fan 2006; Metzger et al. 2008)
before its ultimate collapse to a BH cannot be excluded. In-
deed, the existence of such a proto-magnetar could help ex-
plain some puzzling long-term and sustained X-ray emission
associated with the afterglows of a number of short GRBs
1 Of course, both an HMNS and SMNS will eventually collapse to a BH,
although on much longer (and different) timescales. Strictly speaking, there-
fore, there are only two asymptotic outcomes of a BNS merger: a stable NS
or a black hole.
(Rezzolla & Kumar 2015; Ciolfi & Siegel 2015), for which
the delay time is much larger (i.e., ∼ 102 s).
2.1. Evidence for delayed collapse: maximum mass
Determining the threshold mass to prompt collapse is pos-
sible via numerical simulations and this has been exploited
to set lower-bound constraints on the radii of neutron-star
models (Bauswein et al. 2013, 2017; Ko¨ppel et al. 2019).
In its lowest-order approximation, the threshold mass, that
is the minimum mass above which a self-gravitating system
(e.g., the merger remnant) will undergo prompt collapse, can
be expressed in terms of the maximum mass for a nonro-
tating configuration, M
TOV
as Mth/MTOV ≈ 1.415, where
this expression has an uncertainty of ∆Mth = 0.05M
(Ko¨ppel et al. 2019). Using this expression and taking a con-
servative value of M
TOV
' 2M, we readily derive that
Mth ' 2.82M, and hence above the value measured for
Mtot by Abbott et al. (2017b)2. Stated differently, even tak-
ing a conservative point of view, it is unlikely that the rem-
nant of GW170817 collapsed to a BH promptly.
At the same time, it is also reasonable to expect that the
remnant did collapse to a BH at some point after the merger,
simply based on the estimates about the maximum mass that
can be supported by a self-gravitating fluid configuration. We
recall that Breu & Rezzolla (2016) have shown that a quasi-
universal relation (i.e., a relation that is essentially indepen-
dent of the EOS) exists between the maximum mass that a
neutron star can support via uniform rotation, Mmax, and the
corresponding mass for a nonrotating configuration. Explor-
ing a very large number of EOSs, the maximum mass was
found to be
Mmax = (1.20± 0.02)MTOV ' 2.40M < Mtot , (1)
again considering that MTOV ' 2M. Similar considera-
tions can be also made for configurations that are differen-
tially rotating, once a precise form for the law of differential
rotation has been chosen. In particular, when considering the
most common law of differential rotation, i.e., the j-constant
law, Weih et al. (2018) found that a quasi-universal relation
between the maximum mass of a differentially rotating neu-
tron star and the maximum nonrotating mass, i.e.,
Mmax,dr ' (1.54± 0.05)MTOV ' 3.08M > Mtot , (2)
once again after taking M
TOV
' 2M. In summary, these
two results combined suggest that the remnant of GW170817
2 More detailed analyses, carried out by a number of groups and following
very different approaches have now converged to the conclusion that the
observational evidence coming from GW170817 hints to a maximum mass
for a nonrotating neutron star in the range 2.01+0.04−0.04 ≤ MTOV/M .
2.16+0.17−0.15 (Margalit & Metzger 2017; Shibata et al. 2017; Rezzolla et al.
2018; Ruiz et al. 2018), where the lower limit in this range comes from
pulsar observations (Antoniadis et al. 2013).
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is likely to have collapsed eventually to a BH, but also that
this must have happened when the remnant had lost a certain
amount of differential rotation.
The timescale over which differential rotation is lost de-
pends on the intervening process. In the presence of mag-
netic fields, differential rotation in an HMNS is damped by
magnetic braking on the Alfve´n timescale (Shapiro 2000)
tA =
R
NS
vA
≈ 120
(
Bint
1015 G
)−1(
R
NS
12 km
)−1/2(
M
2.7M
)1/2
ms ,
(3)
where vA := Bint/
√
4piρ is the Alfve´n speed in the neutron-
star interior, ρ is its mean rest-mass density, and Bint is the
internal magnetic-field strength. However, differential rota-
tion in the inner regions of the HMNS can be removed on
a much shorter timescale and of the order of a few tens of
dynamical timescales, i.e., 10 − 15 ms (Kastaun & Galeazzi
2015; Hanauske et al. 2017b). Once differential rotation is
lost, and assuming the remnant has not yet collapsed to a BH,
the HMNS will effectively become an SMNS and angular
momentum will be lost over a much longer timescale since
the GW is essentially quenched. This spin-down is likely to
be due to magnetic-dipole radiation, such that the spin-down
timescale will be
tsd = f
−1 Ic
3
2Ω20R
6
NS
B2s
≈ 1.1× 10
4
f
(
Bs
1014 G
)−2(
P0
1 ms
)2(
R
NS
12 km
)−6
s ,
(4)
where I ' 1045 g cm2 is the moment of inertia3, Bs is the
initial surface dipole magnetic-field strength, Ω0 := 2pi/P0
is the initial angular spin frequency, and P0 is the initial
spin period. Setting θB as the inclination angle between
the magnetic dipole axis and the rotational axis, the param-
eter f depends on the details of the model and is given by
f = χ sin2 θB in vacuum, with χ being a constant (χ = 2/3)
in Newtonian gravity, while a function of the stellar com-
pactness in general relativity, e.g., χ ∼ 2− 3 (Rezzolla et al.
2001, 2003); on the other hand, f = 1+sin2 θB in force-free
models (Spitkovsky 2006).
Since most of the rotational energy of the star is released
at the spin-down time, this timescale has been linked to the
3 Note that this estimate for the moment of inertia is probably an upper
limit as only the inner core of the remnant with a radius of ∼ 5 km is in
uniform rotation (Hanauske et al. 2017a). Furthermore, part of the rotational
kinetic energy used to derive Eq. (4) is actually not lost to dipolar radiation,
but goes into the ejected mass.
plateau phases observed in the X-ray lightcurves of many
short-hard GRBs (e.g., Gompertz et al. 2013; Rowlinson
et al. 2013; Zhang & Me´sza´ros 2001; Metzger et al. 2011).
In this scenario, the rotational spin-down of the SMNS would
power the late-time energy injection into the relativistic out-
flow, followed by the collapse of the SMNS to a BH that
would manifest as a sudden drop in the X-ray flux (however
see, e.g., Rezzolla & Kumar 2015; Ciolfi & Siegel 2015, for
an alternative explanation).
In the case of GW170817, if the remnant was an SMNS,
then the large rotational energy released in the form of an
isotropic MHD wind would have produced a spin-down lu-
minosity of Lsd  1042 erg s−1 for a surface dipole mag-
netic field strength of Bs ≤ 1015 G. However, the ob-
served bolometric luminosity at t . 10 days post-merger was
Lbol < 10
42 erg s−1 and cannot be explained even if the sur-
face dipole field was as high as Bs ≤ 1016 G (e.g., Margutti
et al. 2018). In addition, such a high rate of energy injec-
tion by the spinning down SMNS would have powered an ex-
ceptionally bright afterglow emission that was not observed.
Both of these reasons ruled out the possibility of an SMNS
remnant (e.g., Granot et al. 2017; Margalit & Metzger 2017;
Pooley et al. 2018).
2.2. Evidence for delayed collapse: kilonova emission
We next consider a second and distinct line of argument,
based this time on the observation of the prompt emission and
properties of the outflow that powered the kilonova emission,
which again suggest that the collapse to BH for the remnant
in GW170817 was delayed.
We recall that the detection of GW170817 was also rich
in electromagnetic (EM) counterparts. The UV/optical/IR
counterparts that followed the GW were interpreted as the
result of heating due to the decay of freshly synthesized
heavy elements. In addition, the onset of the EM emis-
sion, that is, of the prompt gamma-ray emission, as recorded
by Fermi/GBM and INTEGRAL/SPI-ACS, was delayed by
tdel = 1.74 ± 0.05 s with respect to the GW chirp sig-
nal that marks the merger of the two neutron stars (Ab-
bott et al. 2017a). The spectrum of the rapidly fading early
UV emission was well described by a blackbody and the
average velocity of the photosphere was determined to be
β := v/c = 0.3 − 0.2 over the course of ∼ 0.6 − 1 days
after the merger (Arcavi et al. 2017; Drout et al. 2017; Evans
et al. 2017; Kasen et al. 2017; Kasliwal et al. 2017; Kilpatrick
et al. 2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al.
2017). Such high velocities and the trend towards redder op-
tical and NIR emission that was seen after ∼ 2 days agree
well with predictions from kilonova modeling (e.g., Metzger
et al. 2010).
However, such observations also require two separate com-
ponents in the outflow, one to explain the early UV or “blue”
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Figure 1. Illustration of the mass distribution before and after the collapse to a BH of the remnant. Before collapse (left panel), mass is ejected
dynamically and due to neutrino emission, as well as MHD and viscously-driven winds from the HMNS and the “disk”. This results in a two-
component ejecta: a fast moving (βmax,blue) lanthanide-poor ejecta with mass Mej,blue and with high electron fraction (0.2 . Ye . 0.3) that
is responsible for the early rapidly fading bluer emission, and a relatively slower moving (βmax,red) lanthanide-rich ejecta with mass Mej,red
and with low Ye . 0.2 that leads to the longer-lasting red emission. After collapse to a BH (right panel), an accretion torus is formed and the
BH launches a relativistic jet. Mass ejection occurs from the accretion torus due to MHD and viscously-driven winds. As the jet traverses the
blue ejecta, it initially slows down, and the shock-heated jet and ejecta form a cocoon that collimates the jet. The jet breaks out when it clears
the homologously expanding ejecta and produces prompt gamma-ray emission due to internal dissipation.
kilonova and another for the “red” kilonova that showed a
gradual decline in flux over the initial∼ 2−3 weeks. The dif-
ference between the two components is that the outflow that
powered the blue kilonova was comprised of lanthanide-poor
material, and therefore had a higher electron fraction, with
Ye,blue ∼ 0.2 − 0.3, and lower opacity κblue . 1 cm2 g−1
to bound-bound electronic transitions. On the other hand,
the outflow that powered the red kilonova was relatively
lanthanide-rich with a much lower Ye,red . 0.2 and much
higher opacity with κred ∼ 10 cm2 g−1.
The high-opacity lanthanide-rich ejecta is expected to
emerge from the dynamical ejection of material, predomi-
nantly due to tidal stripping (e.g., Rezzolla et al. 2010), as
the two neutron stars merge. The ejected matter in this case
lies mostly in the equatorial plane and is confined to lower
latitudes. On the other hand, the lower-opacity lanthanide-
poor ejecta can originate from neutrino-irradiated winds from
the accretion disk (e.g., Just et al. 2015; Ferna´ndez et al.
2015a) and/or from an HMNS (e.g., Perego et al. 2014).
This is illustrated in the cartoons in Fig. 1, where the left
panel reports a scheme of the matter distribution before the
collapse of the remnant. In this case, mass is ejected dy-
namically, due to shock-heating, neutrino and MHD-driven
winds from the HMNS and the disk. This results in a two-
component ejecta – a lanthanide-poor with high electron
fraction (0.2 . Ye . 0.3) ejecta that powers the early
rapidly fading bluer emission, and a lanthanide-rich with
low Ye . 0.2 ejecta that powered the longer lasting redder
emission. The increase in Ye at higher latitudes is caused
by two effects: (i) ejection of only moderately neutron-rich
dynamical ejecta in the polar regions during merger, and (ii)
by neutrino irradiation of the ejecta due to neutrinos from
the HMNS. After collapse to a BH (right panel of Fig. 1), an
accretion torus is formed and the BH is expected to launch
a relativistic jet. Mass ejection at this point primarily occurs
from the accretion torus due to MHD and viscously-driven
winds. As the jet traverses the blue ejecta, it slows down ini-
tially and becomes collimated by the cocoon formed by the
shock-heated jet material and surrounding ejecta. As the jet
clears the homologously expanding ejecta, it breaks out and
produces prompt gamma-ray emission as a result of internal
dissipation.
Had the remnant of GW170817 suffered a prompt collapse,
the newly formed BH would launch a relativistic jet almost
immediately, apart from a negligible delay on the order of
the dynamical time in assembling an accretion torus. In this
scenario, the motion of the jet would be essentially unim-
peded, since most of the ejected mass would be in the equa-
torial plane and at high co-latitudes with θ > 30◦ (measured
from the jet symmetry axis; for an example see Fig. 10 of
Bovard et al. 2017, bottom row, third panel from the left).
Furthermore, the jet would cross it in negligible time if any
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small amount of circum-merger ejecta were to be present in
its path. Therefore, in the case of prompt collapse, the only
time delay would be the radial-time delay tR := Rγ/2Γ2c
for emission coming from material along our line-of-sight,
due to the less-than-speed-of-light motion of the relativistic
flow in reaching the emission radius Rγ . However, as dis-
cussed in the previous section and as we will show in Sec. 5
with more detailed calculations, tR < tdel, thus making the
prompt-collapse scenario problematic for GRB 170817A.
A prompt collapse also creates two additional tensions
with the observations. First, the disk-wind component alone
is not able to eject enough material in order to satisfy the to-
tal ejected mass needed for the blue component. Second, it
cannot yield high electron fractions (Ye ∼ 0.3) at high lat-
itudes that are needed to explain the blue kilonova. Both
of these issues can be settled if the central remnant is an
HMNS. First, hotter surface temperatures lead to a signifi-
cantly higher level of neutrino-irradiation, which ultimately
raises Ye to larger values that can be as high as Ye . 0.45.
Second, it was argued by Metzger et al. (2018) that an en-
hancement in the mass-ejection rate and the inferred velocity
of βmax,blue ∼ 0.2− 0.3 can be obtained via a strongly mag-
netized, neutrino-irradiated wind of an HMNS that possesses
magnetar strength surface dipole fields. In this case, mass
ejection is aided by magnetocentrifugal acceleration along
open magnetic field lines, whereas mass ejection due to the
thermal pressure by neutrino-heating alone would yield an
insufficient Mej,blue and a smaller asymptotic ejecta velocity
of βmax,blue ∼ 0.1. On the other hand, if the collapse was
delayed due to the formation of an HMNS, which survived
for . 1 s, then including the breakout time of the relativistic
jet from the quasi-spherically expanding ejecta into the total
delay time would naturally explain the delayed onset of the
prompt gamma-ray emission (e.g., Granot et al. 2017).
In the following three sections we will discuss how to set
constraints on the actual time of collapse of GW170817’s
remnant by modelling either the ejected mass or EM delay.
3. MODELLING THE MASS EJECTION
As mentioned above, the UV/optical/IR observations fol-
lowing GW170817 are normally explained as the result of
heating due to the decay of freshly synthesized heavy el-
ements contained in the mass ejected during and after the
merger of the binary. The ejected mass was found to be
Mej ≈ 0.02 − 0.06M, which was confirmed by several
different groups (Chornock et al. 2017; Cowperthwaite et al.
2017; Drout et al. 2017; Nicholl et al. 2017; Tanaka et al.
2017; Tanvir et al. 2017; Perego et al. 2017; Villar et al.
2017; Waxman et al. 2017; Metzger et al. 2018; Kawaguchi
et al. 2018). For convenience, we follow Kasen et al. (2017),
whose kilonova analysis revealed a two-component ejecta – a
lanthanide-poor ejecta with mass Mej,blue ≈ 0.025M and
a lanthanide-rich ejecta with mass Mej,red ≈ 0.04M, and
use these values to constrain the lifetime of the remnant and
indicate the collapse time.
We recall that BNS mergers are expected to eject mass in a
variety of different processes. In the last few years, thanks to
numerical simulations and semi-analytic modelling, a robust
picture has been drawn on what are the different components
of ejected mass and which can be divided into three main
ejection mechanisms:
1. matter dynamically ejected (Rosswog et al. 1999;
Shibata et al. 2005; Baiotti et al. 2008; Kiuchi et al.
2010; Rezzolla et al. 2010, 2011; Hotokezaka et al.
2011; Palenzuela 2013; Hotokezaka et al. 2013;
Sekiguchi et al. 2015; Palenzuela et al. 2015; Diet-
rich & Ujevic 2017; Radice et al. 2016; Lehner et al.
2016; Sekiguchi et al. 2016; Foucart et al. 2016; Bo-
vard et al. 2017; Dietrich et al. 2017b,a; Radice et al.
2018b; Papenfort et al. 2018);
2. matter ejected via neutrino-driven winds (Dessart
et al. 2009; Metzger et al. 2008, 2009; Lee et al. 2010;
Ferna´ndez & Metzger 2013; Just et al. 2015; Perego
et al. 2014; Martin et al. 2015);
3. matter ejected via magnetically-driven winds
(Siegel et al. 2014; Siegel & Metzger 2017; Ciolfi
et al. 2017; Ferna´ndez et al. 2015a, 2018; Fujibayashi
et al. 2017; Siegel & Metzger 2018; Fujibayashi et al.
2018).
We note that some works also discuss “viscosity-driven”
ejected matter (Metzger et al. 2008; Goriely et al. 2011;
Ferna´ndez & Metzger 2013; Fujibayashi et al. 2018; Fahlman
& Ferna´ndez 2018). These viscous effects, however, are ulti-
mately originated by magnetic turbulence driven by magnetic
instabilities, either in the HMNS disk or the torus; because of
their magnetic origin, we will hereafter associate them to cat-
egory 3.
All of these channels of ejection of matter have been ex-
plored in a large number of works and by several groups
employing rather different numerical techniques and approx-
imations (e.g., Just et al. 2015; Ferna´ndez et al. 2015a).
In what follows we discuss the mass-ejection rates for each
channel separately, and provide simple analytic prescriptions
that provide simple and hopefully robust representations of
the complex results of the numerical simulations.
3.1. Dynamical mass ejection
Dynamical mass ejection is a robust feature of BNS merger
simulations, and has been reported by a number of groups
under a variety of physical conditions. The exact amount of
mass ejected, however, depends both on the properties of the
binary (mass, mass ratio, EOS, initial spin, magnetization,
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etc.) and on the criterion used to perform the measurement,
which could lead even to a 100% difference (see, e.g., Bo-
vard & Rezzolla 2017, for a discussion). Furthermore, it is
presently difficult to predict with even decent precision the
amount of matter to be ejected without a fully dynamical sim-
ulation as the data does not seem to be well captured by sim-
ple analytic expressions. To counter this problem, we have
exploited the data reported by Radice et al. (2018b), who
have presented measurements for more than 30 simulations.
For the sake of the arguments made here, we simply need an
average of the amount of matter ejected dynamically, which
we deduce from the values for the binaries in the mass range
2.7M ≤M ≤ 2.8M, reported in Table 2 of Radice et al.
(2018b). In this way, we find a mean value with a consider-
able variance, i.e.,Mdyn ≈ (1.5±1.1)×10−3M; although
the uncertainty associated to this estimate, is obviously very
large, it also represents the most reasonable one at present
and reflects many of the uncertainties discussed in Bovard &
Rezzolla 2017; Bovard et al. 2017.
The data reported by Radice et al. (2018b) also allows us
to reconstruct a mass-ejection rate, which we approximate as
given by exponential growth followed by a power-law decay
fitted to the data from the numerical simulations
M˙dyn
M s−1
=
{
0.087 exp (t/tdyn) , t < tdyn ,
2.36× 10−31 (t/1 s)−15 , t ≥ tdyn ,
(5)
where tdyn ≈ 10 ms is the typical timescale over which the
dynamical ejection has saturated after the merger. In this
case, we assume a constant fractional uncertainty of 70%.
Here, and for all of the following expressions for the mass-
ejection rate, we set t = 0 to be the time of the merger. These
dynamical-ejection contributions are shown in Fig. 2, where
the top panels report the evolution of the various channels in
which mass is ejected (see also below), while the bottom pan-
els show the corresponding rates. Shown instead on the left
and on the right are the portion of the evolution on very short
timescales after the merger (left panels) and on timescales
comparable with the collapse time (right panels).
3.2. Neutrino-driven winds
After merger, neutrino-driven winds are expected to be
generated from the remnant and the surrounding disk. Deter-
mining the mass-ejection rate from the various simulations
performed to model this process is made difficult by the fact
that only rarely the mass ejected via neutrinos is reported.
Fortunately, however, a close relation exists between the
neutrino-driven mass-ejection rate M˙ν and the neutrino lumi-
nosity Lν in its dominant components (i.e., electron neutrino
and electron antineutrino) and is given by (Qian & Woosley
1996; Rosswog & Ramirez-Ruiz 2002; Dessart et al. 2009)
M˙ν ≈ 5× 10−4
(
Lν
1052 erg s−1
)5/3
M s−1 . (6)
Since most publications report the measured neutrino lumi-
nosity, expression (6) allows us to obtain M˙ν from Lν . At
the same time, since we want to distinguish the mass ejec-
tion before and after collapse, we will consider separately
the emission coming from the HMNS and that coming from
the surrounding disk (see left panel of the cartoon in Fig. 1).
In particular, we first consider the neutrino-driven winds
coming from the evolution of the HMNS and to this scope
we use the simulations in Fujibayashi et al. (2017), where a
HMNS with a disk is evolved under the assumption of ax-
isymmetry, but in a general-relativistic framework and for a
timescale of 400 ms. In particular, we use the neutrino lumi-
nosity reported in Fig. 3 of Fujibayashi et al. (2017) and fit
it with two power-law segments that change at 200 ms after
merger, as measured by the simulations. As a result, we de-
duce that the mass-ejection rate associated with the HMNS
is
M˙ν,HMNS
M s−1
≈
{
1.13× 10−4 (t/1 s)−0.98 tdyn < t < 0.2 s ,
2.02× 10−4 (t/1 s)−0.62 t ≥ 0.2 s .
(7)
Three remarks should be made on expression (7). First,
since the data reported by Fujibayashi et al. (2017) naturally
does not distinguish the mass-ejection rates from the HMNS
and that from the disk, the values reported in (7) effectively
account also for the contribution from the disk, M˙ν,DISK. As
we will see below, however, the latter is at least one order of
magnitude smaller and with a faster decay; hence, it can be
neglected in (7). Second, the rates (7) match the result of the
simulations up to t = 0.4 s and are extrapolated for longer
times; this is fine given the steep decay after t = 0.2 s and
the fact that this is not a dominant contribution to the ejected
mass. Third, expression (7) also comes with a fractional un-
certainty, which we estimate to be of the order of 20% on
the basis of the discussion made about the convergence of
the results in Sec. 3.5 of Fujibayashi et al. (2017). Finally,
the contribution to the mass ejection from the HMNS-disk
will obviously cease once the remnant collapses to a BH. We
model this sudden shut-off in the mass-ejection rate via an
exponential decay on a dynamical timescale tdyn ' 10 ms.
The contribution to the mass ejection coming from the disk
around the HMNS is best approximated by exploiting the re-
sults of numerical simulations that include neutrino-driven
winds (and subsequent nucleosynthesis) coming from a sys-
tem composed of a BH and an accretion torus (Ferna´ndez
et al. 2015b; Just et al. 2015, 2016; Siegel & Metzger 2017;
Fujibayashi et al. 2017; Ferna´ndez et al. 2018; Siegel & Met-
zger 2018). In particular, we have made use of the results
from Siegel & Metzger (2017), which are in good agreement
with those of Ferna´ndez et al. (2018), and fitted the data in
the upper panel of Fig. 13 of Siegel & Metzger (2017) with
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Figure 2. Ejected matter (top plots) and its rate of ejection (bottom plots). Different lines and shaded areas refer to the different forms in which
matter is ejected after the merger and the corresponding uncertainty. In particular, we report matter that is either ejected dynamically Mdyn,
ejected via MHD-driven winds either from the HMNS MB,HMNS , or from the disk MB,DISK , ejected via neutrino-driven winds either from the
HMNS Mν,HMNS , or from the disk Mν,DISK . The left panels refer to the first 100 ms, while the right ones to a time interval of 3 s. Shown
in black is the sum of the various masses, while the dashed horizontal line refers to the limits on the ejected mass deduced from the kilonova
emission, i.e., the sum of the blue and red ejecta (see also Fig. 3).
two power-laws joined at t = 0.12 s, which then yields
M˙ν,DISK
M s−1
≈
{
1.43× 10−7 (t/1 s)−2.0 tdyn < t < 0.12 s ,
1.22× 10−11 (t/1 s)−6.4 t ≥ 0.12 s ,
(8)
with M˙
ν,DISK
≈ M˙
ν,tor
and M˙
ν,tor
the mass-ejection rate
from a BH-torus system. Note that M˙
ν,DISK
/M˙
ν,HMNS
 1,
so that the assumption made in (7) that M˙
ν,HMNS
+M˙
ν,DISK
≈
M˙
ν,HMNS
is indeed well justified.
To model the mass ejection at times beyond those simu-
lated by Siegel & Metzger (2017), i.e., 400 ms, we simply
extrapolate in time the second segment of the power-law in
(8). Also in this case, we attempt to estimate an error in
the mass-ejection rate (8) by characterising the numerical
noise reported in Fig. 13 of Siegel & Metzger (2017), deduc-
ing a lower limit on the fractional error of expression (8) of
∼ 20%. All of these different neutrino-driven contributions
are shown in Fig. 2.
3.3. MHD–viscosity-driven winds
Magnetically-driven winds from the HMNS are expected
to be of great importance for the overall ejected mass, and
especially for the blue-kilonova component (Metzger et al.
2018). The magnetic energy is only a small contribution
of the total energy budget during the inspiral and magnetic-
induced effects are in fact expected to be negligible some-
time before the merger (Giacomazzo et al. 2009). After the
merger, however, a good fraction of the kinetic energy of the
system can be converted into magnetic energy via magnetic
shearing and instabilities. High-resolution simulations of the
remnant have shown that instabilities such as the Kelvin-
Helmholtz or the MRI can develop (Siegel et al. 2013), lead-
ing to magnetic energies as large as 1050 erg (Obergaulinger
et al. 2010; Kiuchi et al. 2015; Giacomazzo et al. 2015; Ki-
uchi et al. 2018). Simulations have also shown that copious
winds are a natural outcome of a highly shearing magnetized
HMNS (Siegel et al. 2014).
Despite being potentially the most important one, mass
ejection from magnetically-driven winds has been explored
much less than that from other channels. It is therefore dif-
ficult to quantify the mass-ejection rate from the few works
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available in the literature (Siegel et al. 2014; Dionysopoulou
et al. 2015; Kiuchi et al. 2018; Ciolfi et al. 2017). Here, we
make use of the results of Ciolfi et al. (2017), who have in-
vestigated a long-lived magnetized HMNS and have shown
that while the dynamically ejected mass does not depend on
the magnetic-field strength [see the ejected mass for the mag-
netized and unmagnetized binaries in Fig. 23 of Ciolfi et al.
(2017)]. On the other hand, when the dynamical ejection of
matter has saturated, the magnetized HMNS does eject mass
at a larger rate than in the unmagnetized case and we have
found it to be well-described by a simple power-law of the
type M˙
B,HMNS
∝ t−0.8. In similar general-relativistic MHD
simulations that will be presented in a distinct work (Most
et al. 2019), the mass-ejection rate has been found to have a
similar but different power-law dependence, i.e., M˙
B,HMNS
∝
t−1. Hereafter, we choose an average value from the two sim-
ulations and set the mass-ejection rate due to MHD-driven
winds from the HMNS (and its surrounding disk) to be
M˙B,HMNS
M s−1
≈ 5.18× 10−3 (t/1 s)−0.9 tdyn ≤ t ≤ tcoll .
(9)
As is evident from Fig. 2, this mass ejection channel dom-
inates the mass loss at early times and thus we associate a
more conservative fractional error of 30% for this estimate.
At the same time, because of the very small number of works
exploring the effect of these winds from the HMNS, it is pru-
dent to consider also a different scenario in which a 30% un-
certainty is introduced for the exponent in the power law; we
will discuss the two scenarios separately below.
The viscously/MHD driven winds, first from the HMNS-
disk and later from the BH-torus, are expected to be the dom-
inant channel for mass ejection, especially after the HMNS
collapses (Lippuner et al. 2017; Fujibayashi et al. 2018;
Fahlman & Ferna´ndez 2018). We model this mass ejec-
tion using the long-term simulations of Fujibayashi et al.
(2018) and deduce that the rate is impressively constant over
a considerably long timescale and can be approximated as
[cf., Fig. 8 of Fujibayashi et al. (2018)]
M˙
B,DISK
M s−1
' 0.012 tdyn ≤ t ≤ tcoll , (10)
Note that as long as t < 0.4 s, M˙
B,DISK
 M˙
B,HMNS
, so that
its contribution in expression (9) can be safely neglected (see
right panels of Fig. 2 for a graphical impression). In addition,
for 0.4 s < t < tcoll the contribution of M˙B,DISK to the total
ejected mass is very small (. 9 × 10−3M). Furthermore,
since the rates show a rather large variance, here too we as-
sociate a conservative 30% fractional error for the estimated
rate (10).
As for the case of neutrino-driven winds, the contribu-
tion of the torus to the mass-accretion rate due to magnetic
winds will be slightly different from that of the disk around
the HMNS, but certainly comparable. Hence, we assume
that also in the case of magnetic-related rates, M˙B,DISK ≈
M˙
B,tor
. The assumption that the two rates M˙
B,DISK
and
M˙
B,tor
are comparable is indeed confirmed by the recent
simulations of Ferna´ndez et al. (2018), who have performed
three-dimensional general-relativistic MHD simulations of a
BH-torus system for very long times, i.e., for timescales of
the order of ∼ 9 s. At the same time, the new simulations
also reveal that the rate (10) is not always constant and de-
creases rapidly ≈ 1 s after the start of the simulations (thus,
approximately one second after the collapse of the HMNS to
a BH) following a power law∝ t−2.3 (Ferna´ndez et al. 2018).
Hence, we model the magnetically-driven mass-ejection rate
from the disk/torus as
M˙B,DISK
M s−1
≈
{
0.012 tcoll < t < t¯ ,
0.012 (t/t¯)
−2.3
t ≥ t¯ ,
(11)
where t¯ := tcoll + 1 s. Also these magnetic contributions are
shown in the various panels of Fig. 2.
4. COLLAPSE TIME FROM THE EJECTA
The lifetime of the remnant from GW170817 can now be
conveniently constrained by comparing the amount of ejected
matter discussed in the previous sections with the amount
of matter that is deduced to have been ejected on the ba-
sis of the blue-kilonova emission. We recall that the latter
is expected to be the result of lanthanide-poor material and
thus with a lower opacity (Arcavi et al. 2017; Drout et al.
2017; Kilpatrick et al. 2017; Kasen et al. 2017; Villar et al.
2017). Producing such material requires high temperatures
and high densities, such that neutrino-irradiation processes
can produce material with high electron fractions (i.e., neu-
tron poor), which, in turn, are responsible for light r-process
element production with intrinsically low opacities. Such
large temperatures and densities can be found in the HMNS,
but neither in the disk surrounding it, nor in the torus around
the BH once it is formed. On the contrary, the disk out-
flows with low-electron fraction (i.e., neutron-rich) material,
are expected to produce heavy r-process elements resulting
in higher opacity (Kasen et al. 2013; Tanaka & Hotokezaka
2013; Metzger & Ferna´ndez 2014; Perego et al. 2014; Lip-
puner et al. 2017; Tanaka et al. 2018; Fujibayashi et al. 2018).
Exploiting the mass-ejection rates reported in the previ-
ous sections, we can estimate the collapse of the HMNS
by requiring that the accumulated ejected mass from the
HMNS becomes equal to the blue component from the kilo-
nova modeling, which has been estimated to be Mej,blue ≈
0.025M (Kasen et al. 2017). In particular, we assume that
all the mass lost by the HMNS contributes in its entirety to
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the mass in the blue component, Mej,blue. On the other hand,
the mass ejected dynamically, as well as that coming from the
disk and torus, will contribute to both the blue and the red
components. More specifically, we assume that 1/3 of the
dynamically ejected mass contributes to the blue component,
while 2/3 of it is channelled into the red component (Bo-
vard et al. 2017; Perego et al. 2017; Shibata & Kiuchi 2017;
Radice et al. 2018b). The same percentages are applied also
for the matter ejected from the HMNS-disk and these values
are in agreement with the results of (Fujibayashi et al. 2018;
Shibata & Kiuchi 2017). On the other hand, once the HMNS
collapses to a BH, the contributions change as only a smaller
fraction of the matter ejected is able to contribute to the blue
component. Following Ferna´ndez et al. (2018), we distribute
1/12 of the torus-ejected matter to the blue component and
the remaining 11/12 to the red component. Ideally, these
splitting factors ought to be a function of time and have an
associated uncertainty; however, for simplicity we consider
them as constant here and factor-in the uncertainties in the
the ejection rates.
In summary, the mass ejection rates (5)–(11) and their con-
tributions to the total blue- and red-ejecta masses
Mej,blue/red(t) =
∫
M˙ej,blue/red(t
′)dt′ , (12)
where
M˙ej,blue(t) = ηdyn,blue M˙dyn(t)
+ η
HMNS,blue
[M˙B,HMNS(t) + M˙ν,HMNS(t)]
+ η
DISK,blue
[M˙B,DISK(t) + M˙ν,DISK(t)] ,
(13)
M˙ej,red(t) = ηdyn,red M˙dyn(t)
+ η
DISK,red
[M˙
B,DISK
(t) + M˙
ν,DISK
(t)] , (14)
where, for t ≤ tcoll
η
HMNS,blue
= 1 , ηdyn,blue = 1/10 , ηDISK,blue = 1/3 ,
ηdyn,red = 9/10 , ηDISK,red = 2/3 ,
(15)
whereas, for t > tcoll
η
HMNS,blue
= 0 , ηdyn,blue = 0 , ηDISK,blue = 1/12 ,
ηdyn,red = 0 , ηDISK,red = 11/12 .
(16)
In this way, we can constrain the lifetime of the rem-
nant by determining when the ejected mass in the blue
component reaches the estimated observational value,
i.e., Mej,blue(tcoll) = 0.025M. Doing so, we deduce that
the collapse time as constrained from the ejecta and from the
condition that tcoll ≤ tdel must have been at
tcoll = 1.14
+0.60
−0.50 s . (17)
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Figure 3. Contributions of the ejected matter to the blue and red
component of the kilonova emission. Blue/red solid lines show the
ejected mass in the blue/red components as a result of the various
channels contributing to these components, while the black solid
line being the sum of the two. Shaded regions of the corresponding
colour report the uncertainties in the estimates, while the blue/red
dashed horizontal lines refer to the limits on the ejected mass from
the modelling of the kilonova observations.
This is illustrated in Fig. 3, where we show the ejected
mass in the blue (blue solid line) and red (red solid line) com-
ponents, respectively. Note we set the most likely time of col-
lapse from the crossing of the ejected blue component with
the corresponding observational estimate (blue dashed line).
Note also that the ejected red component is always less than
the blue component and that the latter is almost three times
larger; only around≈ 2.5 s the red and blue components have
been ejected in equal amounts and at ≈ 200 s the red com-
ponent has reached the nominal value of Mej,red ≈ 0.04M
deduced from the observations. The very slow increase in
the red component is due to the fact that after 9 s the torus
has been mostly accreted, thus providing only a very small
contribution to the secularly ejected matter [see Eq. (11) and
Ferna´ndez et al. (2018)].
The uncertainty in tcoll reported in Eq. (17) was ob-
tained from the corresponding uncertainty in the ejected
blue-component mass. More specifically, the lower limit
on tcoll was obtained when the upper limit on the blue-
component mass crossed the estimate inferred from kilonova
observations. The upper limit, on the other hand, is lim-
ited by the delay time of tdel = 1.74 s since tcoll < tdel.
When a constant fractional error δi in the ejected mass
Mi(t) from a given mass-ejection channel i was considered,
the final uncertainty in the blue component mass was ob-
tained by adding in quadrature the uncertainties for the dif-
ferent components that contributed to the blue-ejecta mass,
namely, (13), such that σMej,blue(t) =
√∑
i σ
2
Mi
(t), where
σMi(t) := δiηiMi(t) and ηi is their fractional contribution.
Similarly, when considering an uncertainty in the power-law
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exponent of the mass ejection rate (9), with M˙ ∝ tα, the un-
certainty in the ejected mass from this channel was calculated
as σM (t) = |(∂M(t)/∂α)σα|, where σα is the uncertainty
in the exponent.
We note that a more conservative lower limit on the col-
lapse time is obtained, with tcoll = 1.14+0.60−0.84 s , when we
consider a 30% fractional uncertainty in the power-law expo-
nent in the mass-ejection rate (9) from MHD-driven winds.
In this case, due to a smaller exponent in the power law, the
mass ejection rate increases at times t < 1 s as compared to
the case with constant fractional error in the ejected mass.
This causes the upper limit on the blue component mass to
cross the blue component mass limit (as shown in Fig. 3) at
an earlier time. Hence a smaller lower limit on the collapse
time; see also Fig. 7.
5. COLLAPSE TIME FROM JET COLLIMATION AND
BREAKOUT
If in the previous sections we have set constraints on the
collapse time of the remnant in GW170817 from consider-
ations on the ejected mass, in this section we set a simi-
lar constraint following a complementary route which is in-
stead based on considerations about the time needed by the
jet launched by the BH to break out. Essential in this line
of argument is the velocity of the ejected matter, which, for
simplicity, we assume to be a quasi-isotropic outflow with
its front at radius r = Rej(t) = βmaxct expanding into the
interstellar medium at a characteristic dimensionless velocity
βmax := vmax/c. The mean rest-mass density of the ejecta at
any given radius r < Rej(t) can be parameterized as a power
law (e.g., Nagakura et al. 2014; Matsumoto & Kimura 2018),
such that
ρej(r < Rej, t) =
(3− k)
4pi
Mej,blue(t)
R3ej(t)
[
r
Rej(t)
]−k
, k < 3
(18)
where Mej,blue(t) is the mass of the blue ejecta at time t.
Our fiducial model assumes k = 2 for the density profile
of the ejecta along the rotational axis. This profile has been
shown to emerge in the long-term simulations of Fujibayashi
et al. (2018). Some modifications to this profile will occur if
the remnant is endowed with strong global magnetic fields,
which would alter the mass-ejection rate due to the MHD
winds in the polar regions (e.g., Metzger et al. 2007; Siegel
et al. 2014).
In our phenomenological modelling, at t = tcoll, ejection
of matter from the remnant essentially stops and the central
BH launches a relativistic jet. Naturally, there may be a small
delay (of the order of the dynamical time) between the termi-
nation of mass ejection and the launching of the jet as mass
starts to accrete on to the BH; because of its smallness, we
here neglect such a delay and assume that the jet is launched
at t = tcoll.
In order for the relativistic jet to reach the radius r = Rγ ,
where it undergoes some internal dissipation and produces
the prompt emission, it must first burrow its way through the
intervening ejecta. We assume that the jet is launched at rel-
ativistic speeds with Lorentz factor Γj and power per unit
solid angle
dLj
dΩ
= r2Γ2jhjρjc
3 ' Lj
∆Ωj
, (19)
where hj and ρj are the jet’s specific enthalpy and rest-mass
density, respectively. The last equality assumes that the jet
power is approximately uniform and it is confined into a solid
angle ∆Ωj .
As the jet expands, its interaction with the surround-
ing ejecta slows it down, such that the jet’s head moves
only mildly relativistically with Lorentz factor Γh :=
(1 − β2h)−1/2 < Γj , where βh := vh/c is its dimensionless
velocity. A double-shock structure develops at the jet’s head
(see, e.g., Fig. 1 in Bromberg et al. 2011) where a forward
shock propagates into the cold circum-merger ejecta and a
reverse shocks moves into the cold jet, which slows it down.
A contact discontinuity separates the newly shocked jet ma-
terial from the shocked circum-merger ejecta. The velocity
of the jet head can be calculated by balancing the momentum
flux density in the frame of the jet’s head (e.g., Begelman &
Cioffi 1989; Matzner 2003; Bromberg et al. 2011)
ρjhj [ΓjΓh(βj − βh)]2 = ρejhej[ΓejΓh(βh − βej)]2 , (20)
where Γej ' 1 is the Lorentz factor of the ejecta and hej is its
specific enthalpy. Here, the unshocked jet and circum-merger
ejecta are considered cold, and therefore they contribute neg-
ligible pressure. From this relation it is straightforward to ob-
tain the head velocity (e.g., Matzner 2003; Bromberg et al.
2011; Murguia-Berthier et al. 2014, 2017),
βh =
βj + L˜
−1/2βej
1 + L˜−1/2
, (21)
where the dimensionless jet luminosity, L˜, which determines
the jet dynamics, is given by the ratio of the jet energy density
to that of the surrounding ejecta
L˜ :=
Γ2jhjρj
ρej
' Lj
Σjρejc3
. (22)
Here Σj := z2h∆Ωj describes the area of the working sur-
face at the head of the jet as it bores its way out of the ejecta,
where zh(t) :=
∫
βhcdt is the position of the jet’s head. For a
conical (i.e., uncollimated) flow, ∆Ωj = piθ20 where θ0  1
is the initial jet half-opening angle. In this case, the jet ex-
pands ballistically, with Σj ∝ z2h, and the feedback of the
hot cocoon on the jet itself is ignored (see discussion below).
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In principle, the jet power can vary over time due to the in-
termittent activity of the central BH. For simplicity, however,
we here assume that jet power remains constant in time, so
that Lj effectively represents the time-averaged jet power.
Because of the high-pressure shocked ejecta downstream
of the forward shock, the shocked jet material and the
shocked ejecta are able to move sideways away from the
jet’s head until the angular size of the shocked causal region,
Γ−1h , becomes smaller than the instantaneous half-opening
angle of the jet, i.e., Γ−1h < θj(t). Before this condition is
met, a jet-cocoon system is produced, where the pressure in
the hot cocoon collimates the relativistic jet and reduces its
semi-aperture from its initial value θ0 (see Fig. 1 of Harri-
son et al. 2018). Here we follow the treatment of Bromberg
et al. (2011), which applies for a static ambient medium into
which the jet expands, to write the equations that govern
the cross-section of the working surface at the jet’s head.
Of course, this implies that the local velocity of the ejecta,
which is modeled here as expanding homologously with di-
mensionless velocity
βej(r < Rej, t) = βmax
(
r
Rej(t)
)
, (23)
must be significantly smaller than that of the jet’s head,
i.e., βej  βh. The assumption of homologous expansion,
as compared to a constant velocity wind, is useful here since
at a smaller radius the ejecta velocity will also be smaller
when the jet is launched. Given that the jet head will initially
be sub-relativistic, a slower ejecta velocity helps to preserve
the condition of having βej < βh throughout most of the jet
propagation inside the expanding ejecta. Under this assump-
tion, the cocoon pressure, assumed here to be dominated by
radiation, depends on the energy injected by the jet, such that
pc =
1
3
Ec
Vc
=
1
3
Lj
∫
(1− βh)dt
pir2c (t)zh(t)
, (24)
where rc(t) :=
∫
βccdt is the cocoon radius expanding with
dimensionless velocity
βc :=
[
pc
ρej(zh)c2
]1/2
. (25)
Our model assumes that the pressure in the cocoon is uni-
form and its geometry is that of a cylinder. Therefore, under
this simplification we study the dynamics of the jet’s head
along the jet axis only, zh(t). The jet is injected at a radius
zinj, after which it starts to be influenced by the cocoon as
the pressure in the cocoon builds up. The location zcj > zinj,
where the cocoon collimates the jet, and after which the jet
maintains a constant cylindrical radius, is derived from the
condition of pressure equilibrium, pc = pj , which yields
zcj '
[
Lj
picpc
]1/2
. (26)
However, the cocoon starts collimating the jet at an even
smaller distance of z ≈ zcj/2, at which point the area of
the working surface can be expressed as
Σj = pir
2
j '
1
4
pizˆ2θ20 '
1
4
Ljθ
2
0
cpc
, (27)
where rj is the cylindrical radius of the jet’s head.
The set of equations presented above, Eqs. (21)–(27),
and which have been introduced mostly by Bromberg et al.
(2011), represent a closed system that we have solved numer-
ically to follow the evolution of the jet-cocoon system. Under
the simplifying assumption that the velocities of the different
components in the system remain constant, a linearized set
of equations can be obtained that can be integrated analyti-
cally. Then, for a static medium, it can be further shown that
the jet interacts strongly with the surrounding medium and
remains collimated for L˜ . θ−4/30 (Bromberg et al. 2011).
In an expanding medium, this result does not apply strictly
and deviations from it are expected.
As discussed above, these equations are based on sev-
eral simplifying assumptions, e.g., of uniform pressure in
the cocoon and its cylindrical geometry, or the fact that
only the first collimation shock, which is much stronger
than the subsequent ones (Mizuno et al. 2015), is accounted
for. These assumptions, however, were verified to provide
a reasonable approximation in a comparison with two- and
three-dimensional hydrodynamic simulations (Harrison et al.
2018).
In Fig. 4, we show the dynamics of the jet-cocoon system
expanding inside the quasi-isotropic ejecta from the HMNS
with βmax = 0.3, where the relativistic jet is injected at t =
tcoll = 1 s with bulk Lorentz factor Γj = 10, corresponding
to an initial half-opening angle of θ0 = Γ−1j ' 5.7◦. Here,
and in the rest of the paper, we assume a reference value for
the single-sided jet power of Lj = Ej/t90 = 1050 erg s−1,
where Ej is the single-sided true jet energy and t90 is the
duration of the prompt emission within which 90% of the
fluence is accumulated. In the case of GRB 170817A, the
prompt gamma-ray emission lasted for t90 = 2.0±0.5 s (Ab-
bott et al. 2017a; Goldstein et al. 2017), where the main hard
spike had a duration of ∼ 0.5 s and was followed by a tail
of softer emission. Many numerical simulations (e.g., Gra-
not et al. 2018; Lazzati et al. 2018; Mooley et al. 2018; Xie
et al. 2018) of this event find a true jet energy of Ej ∼ 1050
erg that motivated the assumed value of the jet power in this
work.
Immediately after injection, the velocity of the jet’s head
slows down significantly to βh  1 as it encounters the
ejected mass. The pressure in the surrounding cocoon starts
to build up and the jet begins to be collimated, as seen from
the reduction in the cylindrical radius rj of the jet (see Fig. 4
for t − tcoll . 10−4 s). This also aids in accelerating the
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Figure 4. Dynamical evolution of the jet-cocoon system, where
the HMNS survives for tcoll = 1 s before collapse to a BH, which
launches a jet with power Lj = 1050 erg s−1 and initial half-
opening angle θ0 = Γ−1j ' 5.7◦. The jet is injected into the ejecta
expanding homologously with its front moving at βmax = 0.3, and
which has a density profile of that of a wind (k = 2) with to-
tal ejected mass calculated from the mass-ejection rates shown in
Fig. 2. The solid lines correspond to the case where the jet is colli-
mated and show the position of the jet’s head (zh), the radius of the
ejecta front (Rej), the position where the first recollimation shock
converges (zcj), and the cylindrical radii of the jet’s head (rj) and
the cocoon (rc). The dashed lines show the case when the jet is
forced to remain uncollimated.
jet due to the shrinkage in the area of the working surface
at the jet’s head. This phase, however, only lasts for a very
short time and as the cocoon expands, shown by the increase
in rc, the drop in its pressure is insufficient to maintain col-
limation of the jet. At this point, the size of the jet’s head
starts to expand and the jet essentially propagates uncolli-
mated. Therefore, the jet only encounters a single recollima-
tion shock, and that is only due to the inherent simplicity of
the underlying model. In principle, the jet may experience
multiple recollimation shocks before breakout which would
cause rj to oscillate. Nevertheless, the half-opening angle
of the jet is now smaller than its initial value, θj < θ0, and
the jet maintains it until it clears the ejecta and breaks out
when zh(t) = Rej(t) at a breakout time tbr ≈ 0.65 s in the
case considered in Fig. 4. After the first recollimation shock,
we find that the jet head maintains an approximately constant
velocity, with βh ' 0.7, and constant L˜ ' 6 < θ−4/30 , until
just before breakout, after which point the jet head becomes
relativistic with βh ' 1.
Also shown with dashed lines in Fig. 4 is the correspond-
ing dynamics in the case in which the jet is forced to remain
uncollimated, i.e., it maintains the same opening angle as the
initial one, and in this case it is clear that the jet takes longer
to breakout (by a factor of ' 2 in time) and might even be
choked if the engine shuts off before that time. Since the
solid angle is fixed in this case, the radius of the working
surface grows with the vertical distance traveled by the jet,
i.e., rj ∝ zh at all times.
Figure 5 shows the jet-breakout time tbr as a function of
the collapse time and how the tbr depends on the different
ejecta velocities βmax and on different jet initial half-opening
angles. The mass-ejection rates are those discussed in Sec. 3,
so that a longer tcoll results in a larger ejected mass in the
path of the jet and thus to a delayed jet breakout. The sharp
drop in tbr at early times simply shows that the ejecta has not
had enough time to expand and the jet breaks out almost im-
mediately. Note that the rate at which the ejecta is expanding
has a significant effect on the breakout time (both scales are
logarithmic), with longer tbr in the faster expanding ejecta.
A similar effect can also be produced if the jet has a larger
initial half-opening angle θ0, which increases the area of the
working surface at the jet’s head and causes the jet to slow
down. The small jump at tcoll = 10−2 s is due to the en-
hanced rate of mass ejection by the newly formed HMNS at
t = tdyn ∼ 10 ms post merger (see left panels of Fig. 2).
After breakout, the jet very rapidly accelerates and its en-
ergetic core expands with ultra-relativistic speeds, Γj  1,
where it is surrounded by less energetic and relatively slower-
moving material. This phase of the jet dynamics is outside
the scope of this work and is not calculated by the one-
dimensional model used above. In the next section, and for
simplicity, the jet is treated as an expanding conical flow, so
that it is convenient to use the radial coordinate r in place of
the cylindrical coordinate z.
6. COLLAPSE TIME FROM EM DELAY
The delay of 1.74 s in the onset of the prompt emission
measured in GRB 170817A can be explained by a sum of
three different timescales (e.g., Granot et al. 2017). First,
and most obviously, the launching of the jet is delayed by the
HMNS that will survive for a timescale tcoll (see Sec. 4), af-
ter which it will collapse to a BH. Second, the jet has to clear
the ejecta before it can radiate the prompt emission photons,
otherwise the Thomson optical depth of the medium would
be too large and it would suppress any high-energy emission.
The jet clears the ejecta over the breakout time tbr that, in
turn, depends on tcoll, as well as the total ejected mass, den-
sity profile, and the jet-launching properties. Third, since
GWs propagate at the speed of light (Abbott et al. 2017a)
and the jet propagates at slightly lower velocities, there is al-
ways a radial time delay tR between the two components to
reach the prompt gamma-ray emission radius Rγ , i.e.,
tR = (1 + zc)
Rγ
2Γ2c
' Rγ
2Γ2c
, (28)
where in the second equality we have accounted for the fact
that the considered cosmological redshift zc of GW170817 is
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Figure 5. Jet-breakout time tbr as a function of the collapse time
tcoll of the HMNS. The rest of the setup is the same as in Fig. 4.
Shown here are the breakout times for different values of the initial
jet half-opening angle θ0 = Γ−10 and different fastest ejecta veloc-
ities βmax. Curves for different values of θ0 refer to βmax = 0.2
and the small jump at tcoll = 10−2 s is due to the enhanced rate of
mass ejection by the newly formed HMNS.
essentially zero. As a result of these considerations, the total
delay time can be written as
tdel = 1.74± 0.05 s = tcoll + tbr(tcoll) + tR , (29)
where we have expressed explicitly that the jet-breakout time
depends on the collapse time of the remnant. The break-
out time considered above is that for jet material that breaks
out of the ejecta along the jet symmetry axis. In our model,
we assume that after breakout the relativistic jet core is sur-
rounded by a sheath of lower energy and slower moving
material (e.g., Kathirgamaraju et al. 2018) which undergoes
dissipation. Alternatively, some works (e.g., Kasliwal et al.
2017; Gottlieb et al. 2018; Nakar et al. 2018) have argued that
the prompt gamma-ray emission was produced by the break-
out of the shock driven by the expanding cocoon from the
sub-relativistic circum-merger ejecta. In this case, the break-
out time at an angle θobs away from the jet symmetry axis
will be longer and consequently the collapse time shorter.
At r = Rγ the jet experiences internal dissipation and pro-
duces the prompt gamma-ray emission. The underlying en-
ergy dissipation mechanism is still uncertain (see e.g., Ku-
mar & Zhang 2015, for a review). If the jet is kinetic-energy
dominated, energy can be dissipated in internal collisions of
mass shells ejected by the BH with variable Lorentz factors,
where faster shells coming from the engine would catch up
with slower shells at the dissipation radius. Alternatively, if
the jet is Poynting-flux dominated, magnetic energy is the
main energy reservoir, which can be tapped via magnetic re-
connection or MHD instabilities.
The condition for causality dictates that Rγ . 2Γ2cδtobs,
where δtobs is the observed flux-variability time (e.g., Sari
& Piran 1997). The same condition is also obtained in the
internal-collision scenario, in which case Γ is the Lorentz
factor of the slower-moving shell and δtobs represents the
engine-variability time. The observed variability time of the
GRB lightcurve can be associated to either the rise time of
the pulse, or the decay time, or their combination, depend-
ing on their contribution to the total pulse width, which can
be expressed as ∆tpulse := δtr + δtθ. To be more spe-
cific, consider a thin, spherical, relativistic shell that emits
over a range of radii (Rγ − δR) ≤ r ≤ Rγ . The emis-
sion from this shell will be temporally spread out over the
timescale δtr = δR/2Γ2c and will represent the rise time
of the pulse. On the other hand, the decay time of the pulse
occurs due to light travel-time effects across a curved emit-
ting surface, also referred to as the “angular time”, such that
δtθ = Rγ(1 − cos θ˜)/c, where the term in the parentheses
represents the extra distance traveled by the photon that was
emitted at angle θ˜ away from the line-of-sight. For a rela-
tivistic shell, the emission is beamed within a cone of angle
θ˜ ' Γ−1  1, which yields δtθ ' Rγ/2Γ2c. This finally
yields (e.g., Genet & Granot 2009),
∆tpulse =
Rγ
2Γ2c
(
1 +
δR
Rγ
)
. (30)
The minimum variability time for the prompt gamma-
ray emission in GRB 170817A, which would correspond
to the rise time to the pulse peak, i.e., δtr, measured by
Fermi/GBM in the energy range of 50− 300 keV is δtmin =
0.125± 0.064 s and the pulse decay time is δtθ ≈ 0.5 s (Ab-
bott et al. 2017a; Goldstein et al. 2017). On the other hand,
INTEGRAL/SPI-ACS observed the main hard spike spread
out over two time bins of 50 ms, with a total duration of
∆tpulse . 100 ms in the ∼ 75 − 2000 keV energy range
(Savchenko et al. 2017). These two measurements suggest
that the pulse duration is energy dependent and that the de-
cay time of the pulse δtθ . 100 ms at high energies. Unless
δR/Rγ ≈ 1 the pulse rise time cannot be used to robustly
determine the emission radius. Therefore, we associate the
variability time to the angular time, δtobs ≈ δtθ, and use it to
constrain the emission radius given an estimate of Γ.
Almost all distant GRBs are observed within the semi-
aperture of the bright core, such that θobs . θc, where θobs
is the viewing angle and θc is the half-opening angle of the
bright core (both angles are measured from the jet symmetry
axis). In case the structure of the jet can be modeled as hav-
ing sharp edges, then θc = θj , where θj is the half-opening
angle of the jet. In these GRBs, compactness arguments
(e.g., Lithwick & Sari 2001; Gill & Granot 2018b) dic-
tate that Γ > 100, otherwise opacity due to γγ-annihilation
(i.e., γγ → e−+ e+) would prevent the radiation of gamma-
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Figure 6. The collapse time as a function of the delay time be-
tween the GW chirp signal and the onset of the prompt gamma-ray
emission. Different lines refer to different βmax and jet powers, for
k = 2 and θ0 ' 5.7◦. The thin vertical line marks tdel = 1.74 s
that was observed for GRB 170817A, and it shows a collapse time
of tcoll ' 0.75 s obtained for βmax = 0.3 and Lj = 1050 erg s−1.
ray photons. Modeling of the radio/optical/X-rays afterglow
emission from GRB 170817A, both using semi-analytical
models (e.g., Gill & Granot 2018a; Lamb & Kobayashi
2018; Troja et al. 2018), as well as numerical simulations
(e.g., Granot et al. 2018; Lazzati et al. 2018; Margutti et al.
2018; Kathirgamaraju et al. 2019) of structured jets, has re-
vealed that the line-of-sight is significantly off-axis, with
20◦ . θobs . 28◦ and θc ∼ 5◦.
The prompt gamma-ray emission of GRB 170817A at a
distance of 40 Mpc, D40, with isotropic-equivalent energy of
Eγ,iso = (5.36 ± 0.38) × 1046D240 erg, was ∼ 3-4 orders of
magnitude lower than what is typically observed from dis-
tant short-hard GRBs. This fact alone had already hinted at
an off-axis jet. Early analysis of the burst energetics showed
that the prompt gamma-ray emission was dominated by low-
energy material along the line-of-sight (e.g., Granot et al.
2017) and with only modest Γ. By applying the compact-
ness arguments, it was further realized that the emission re-
gion must be moving towards the observer with Γ & 5 (Mat-
sumoto et al. 2019). This lower limit on Γ can now be used
to obtain a constraint on the dissipation radius (also see Be-
loborodov et al. 2018),
Rγ & 7.5× 1011
(
Γ
5
)2(
δtobs
0.5 s
)
cm . (31)
If the decay time of the pulse is indeed as short as ∼ 100 ms
then the dissipation radius can be smaller by a factor of ∼ 5.
The angular time also yields the radial delay time tR = δtθ
between the relativistic ejecta and the GWs to arrive at the
emission radius Rγ . From Eq. (29), we find that a longer
0.0 0.5 1.0 1.5 2.0 2.5 3.0
t [s]
0.0
0.5
1.0
1.5
2.0
2.5
3.0
t
[s
]
tcoll from ejecta
t c
ol
l
fr
om
E
M
d
el
ay
tdel from GRB 170817A
Figure 7. Comparison of the HMNS collapse times obtained from
two distinct lines of argument. The horizontal orange line and the
vertical green line report the estimated times for the collapse of the
remnant in GW170817 as deduced from the time needed for the jet
to make its way across the ejected matter. In both cases, the cor-
responding uncertainty regions are shown with shaded regions of
the corresponding colour; the light orange-shaded area refers to the
more conservative lower limit on tcoll when considering an uncer-
tainty in the power-law exponent in the mass-ejection rate. Also
shown is the delay time (black solid line) and the corresponding
uncertainty (black shaded area).
tR would yield a shorter collapse time. Therefore, to ob-
tain a conservative estimate of tcoll, we use tR ≈ 0.5 s.
Using this, we next numerically solve Eq. (29) for a given
jet luminosity and mass-ejection rate to obtain the collapse
time of the HMNS as a function of tdel. This is shown in
Fig. 6, where the different lines refer to different values of
βmax and of the jet power, using as reference values k = 2
and θ0 ' 5.7◦. The thin vertical line marks tdel = 1.74 s
that was observed for GRB 170817A, and it shows a col-
lapse time of tcoll ' 0.75 s obtained for βmax = 0.3 and
Lj = 10
50 erg s−1. In this way, we deduce that the collapse
time as constrained from the EM delay must have been at
tcoll = 0.82± 0.15 s , (32)
where the range in the variance is dictated from considering
βmax = 0.2 or βmax = 0.3, respectively. This result is robust
in regards to the jet power and changes only weakly as the
jet power is varied by an order of magnitude. Furthermore,
varying the density profile by using different values of the
power-law index k in Eq. (18) yields only small differences.
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Figure 7 offers a synthetic and yet comprehensive sum-
mary of the results of this paper by comparing the estimates
on the collapse time of the remnant of GW170817. More
specifically, the horizontal orange line reports the estimated
collapse time, tcoll, as deduced from the ejected matter pro-
ducing the blue-kilonova emission [cf., Eq. (17)]. Similarly,
the vertical green line reports the estimate on tcoll needed
for the jet to burrow its way through the intervening ejecta
[cf., Eq. (32)]. In both cases, the corresponding uncertainty
regions are shown with shaded regions of the correspond-
ing colour; the light orange-shaded area refers to the more
conservative lower limit on the collapse time obtained when
considering an uncertainty in the power-law exponent in the
mass-ejection rate (see Sec. 4). Also shown is the delay time
between the GW and EM emission, tdel, (black solid line)
and the corresponding uncertainty (black shaded area). Com-
bining this information, we deduce that the best estimate for
the collapse time of the remnant of GW170817 is
tcoll = 0.98
+0.31
−0.26 s . (33)
A more conservative lower limit on the collapse time is
obtained, with tcoll = 0.98+0.31−0.43 s , when we consider a 30%
uncertainty in the power-law exponent in the mass-ejection
rate (9) from MHD-driven winds. The level of uncertainty
considered here in the power-law exponent is more conser-
vative than that inferred from simulations, which is ≈ 11%
and for which we find a less conservative lower limit on the
collapse time as compared to that obtained from a constant
fractional error on the ejected mass. Due to the small number
of simulations that have explored the MHD-driven mass ejec-
tion channel, the magnitude of the uncertainty in the power-
law exponent is poorly known at best. Therefore, we adopt
as a reference the estimate in Eq. (33) for the collapse time
in this work.
Such a survival time for the remnant is considerably
longer than the one explored in three-dimensional general-
relativistic simulations of BNS mergers, which so far have
been limited to simulations with tcoll ∼ 10-100 ms. Since
on timescales tcoll . 100 ms the most efficient process to re-
move energy and angular momentum is the emission of GWs,
the implication stemming from the estimate (33) is that other,
less-efficient mechanisms, need to be invoked to extract an-
gular momentum on such long timescales. At the same time,
magnetic spin-down provides a simple and compelling expla-
nation. Using Eq. (4) for a remnant mass of M ≈ 2.7M,
it is simple to deduce that a spin-down timescale of the order
of the collapse time, i.e., tsd ∼ tcoll ∼ 1 s, can be ac-
complished with magnetar-strength surface magnetic fields,
Bs ' 1016 G. In addition, such surface magnetic fields
would naturally provide an enhanced rate of mass loss in the
polar region due to magnetocentrifugal emission (Metzger
et al. 2018) and a high rate of expansion of the ejecta, with
0.2 . βmax . 0.3. Interestingly, the collapse of the rem-
nant when such large magnetic fields are present would also
lead to an explosive outflow (Salafia et al. 2017; Nathanail
2018a) (see also Nathanail et al. 2018 for a discussion of the
observable signatures).
At the same time, magnetic fields in the post-merger object
cannot reach the largest values allowed by energy equiparti-
tion, i.e., Bint ' 1017-1018 G. Such ultra-strong magnetic
fields, in fact would prolong the breakout time as the jet
would have to plow through more material and spend more
time catching up with the expanding ejecta front. Further-
more, the duration distribution of short-hard GRBs are sug-
gestive of a characteristic jet breakout time of tbr ' 0.4 s
(Moharana & Piran 2017); assuming that this timescale is
indeed common to all short GRBs, this would limit the col-
lapse time to tcoll ∼ 0.7 s for a typical jet power of Lj =
1050 erg s−1. The total time delay in this case would be of
the order of tdel & 1 s, which can be confirmed by future
multi-messenger detections of BNS mergers. In summary,
strong (but not ultra-strong) magnetic fields represent a natu-
ral explanation for the high mass-ejection rates and the long
delay times between the GW and the gamma-ray emission.
Although the production of such magnetic fields still rep-
resents a serious challenge for direct numerical simulations,
the existence of a long-lived HMNS can in principle also be
confirmed by the detection of GWs after the merger. The
GW signal, in fact, has clear spectroscopic features, with
precise oscillation frequencies in the range ∼ 2− 4 kHz, and
which can be related to the EOS and the properties of the pro-
genitors (e.g., Bauswein & Janka 2012; Takami et al. 2014;
Rezzolla & Takami 2016). As mentioned earlier, in the case
of GW170817, the search for GWs from the remnant in the
signals from both advanced LIGO and Virgo detectors came
out empty (Abbott et al. 2017d) (but see van Putten & Della
Valle 2019 for a different claim). Future detections of BNS
mergers by advanced or third-generation detectors such as
the Einstein Telescope (Punturo et al. 2010; Sathyaprakash
et al. 2012), will provide better estimates of the collapse time
of the remnant and help clarify what is the dominant process
of removal of angular momentum on such long timescales.
8. CONCLUSIONS
The GW event GW170817 and its electromagnetic coun-
terpart, GRB 170817A, have not only marked the birth of
multi-messenger GW astronomy, but have also confirmed
that mergers of binary systems of neutron stars are respon-
sible for the phenomenology of short GRBs. Unfortunately,
because of its high-frequency properties during the final
stages of the inspiral, the GW signal from GW170817 be-
came invisible to the LIGO/Virgo detectors before the actual
merger took place. As a result, we are unable to extract di-
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rect GW information about the object that was produced by
the merger and that, most likely, was a metastable HMNS.
Making use of the observational features of GRB 170817A,
namely, that the main hard pulse of gamma-ray emission
had a duration of ∼ 0.5 s and its onset was delayed by
tdel ≈ 1.74 s with respect to the GW chirp signal, and as-
suming that the prompt gamma-ray emission is ultimately the
result of a relativistic jet powered by a rotating BH, we have
constrained the lifetime of the remnant of GW170817. In
particular, we have used the properties of the kilonova emis-
sion and the delay time between the GW chirp signal and
prompt gamma-ray emission onset to constrain the collapse
time of the HMNS. We have argued that in order to produce
the requisite mass ofMej,blue ≈ 0.025M in the lanthanide-
poor ejecta that gave rise to the rapidly fading bluer emission
in the UV and optical at early times, the collapse time of the
HMNS cannot be different from about one second. More im-
portantly, we have reached a very similar conclusion from an
independent line of argument, where we model the dynami-
cal evolution of the relativistic jet launched after the HMNS
collapses and bores its way out of the dynamical ejecta.
To derive the estimates on the collapse time from the
ejected matter, we have combined into a single systematic
description the various processes leading to the ejection of
matter from the remnant, and that include: the dynamical
ejecta, the neutrino, as well as the MHD-driven winds from
both the HMNS and the accretion torus. Estimates for the
mass-ejection rates from all of these channels have been ex-
tracted from numerical-relativity simulations carried out on
much shorter timescales and which have been extrapolated
to the timescales of interest after casting them into suitable
analytic forms. In this way, we have deduced that the col-
lapse time is constrained to be tcoll = 1.14+0.60−0.50 s. Similarly,
to derive the collapse time starting from the delay between
the GW chirp signal and the onset of the prompt gamma-
ray emission, we have computed the jet-breakout time for a
fiducial set of parameters for the homologously expanding
ejecta, e.g., an expansion velocity 0.2 ≤ βmax ≤ 0.3 and a
jet luminosity 0.1 ≤ Lj,50 ≤ 10. These estimates are less
uncertain than those related to the ejection of mass and have
allowed us to deduce that the collapse time is constrained to
be tcoll = 0.82±0.15 s. Combining these two results and the
corresponding uncertainties, we conclude that the remnant of
GW170817 must have collapsed to a rotating BH at about
tcoll = 0.98
+0.31
−0.26 s after merger. Interestingly, this estimate
represents the first attempt to use GW and astronomical ob-
servations to constrain the properties of the gravitational col-
lapse to a BH.
Looking at the future, the collection of new multi-
messenger GW detections in the coming months will pro-
vide additional important information on the delay between
the GW and the EM signals and hence better constrain the
collapse time of the HMNS for a given mass of the binary
system. In turn, this will bring clarity to many open questions
not only on the merger of BNSs, but also on the mechanism
leading to the production of a short GRB. First, they will help
to narrow down the search for the correct EOS, since the col-
lapse time depends on it, with some EOSs yielding only a
short-lived HMNS (i.e., tcoll . 10 ms), while others produc-
ing a longer-lived remnant. Second, it will provide a better
handle on the dominant dissipative processes, e.g., energy
and angular momentum loss due to GW radiation dominates
for tcoll . 100 ms, whereas magnetic braking due to strong
internal fields dominates thereafter. Third, since the large
majority of the ejected matter leading to the blue-kilonova
signal is expelled before the remnant collapses to a BH, a
clear correlation between tcoll and Mej,blue is expected and
can be used to constrain the properties of the remnant. Fi-
nally, if a long-lived HMNS is produced, then the collapse
time will yield a constraint on the internal magnetic field
and provide further insight into the physics of the dissipative
effects that drive the HMNS to uniform rotation. In future
work we plan to explore several of these issues, both through
self-consistent numerical simulations and via semi-analytical
modelling.
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